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ABSTRACT 

A program was undertaken to investigate the dynamic re- 
sponse of cylindrical shell panels to impulsive loads. Hot — 
rolled mild steel and aluminum 6061-T6 panels of various 
thicknesses and two panel sector sizes were loaded internally 
with DuPont "Detasheet" explosive. Calibration tests were 
conducted to determine the specific impulse of the explosive. 
The explosive impulse was sufficiently high to result in per- 
manent plastic deformation of the shell panels. The final 
permanent deflections of the panel specimens were measured. 
Plots were made of the center deflection of the specimen as a 
function of the initial velocity and of the center deflection 
as a function of a nondimensional impulse parameter. Compar- 
ison of the results of tests on specimens made from mild 
steel, a strain-rate sensitive material, to those of aluminum 
6061-T6, which is insensitive to strain-rate, revealed that 
the permanent deflections of the mild steel specimens were 
reduced. Thus it is concluded that the effect of material 
strain-rate sensitivity is important and must be considered 
in analyzing the response of cylindrical shells to impulsive 
loads. It is also concluded that the influence of geometry 
changes is insignificant on the cylindrical shell deflections 
in these tests. 

Although, to the author's knowledge, there are no pre- 
sent theoretical methods of analysis with which these results 
may be compared, rigid-plastic methods of analysis are being 
developed at the Massachusetts Institute of Technology. It 
is hoped that the results reported here will aid in assessing 
these methods of analysis. 
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NOMENCLATURE (continued ) 
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p mass density 
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INTRODUCTION 



Interest in the analysis and prediction of dynamic and 
permanent plastic deformations of structures has increased 
greatly during the past tv;o decades. A V7ide range of nmte-* 
rials in increasingly complex structural shapes are often 
required to perform under conditions v^hich challenge the 
limits of mechanical strength and endurance of the struC" 
ture. For example j in explosive forming of material into 
structural shapes, it may be necessary to predict the rnaX" 
imum ene^rgy which the material can absorb before failing. 

Or predictions of damage to structures v;hich are involved 
in collisions with othex* bodies or subjected to explosive 
blasts may be of interest. 

Analytical stxidies of plastic behavior of structui'es 
have been greatly simplified by the assumption that the ma- 
terial is rigid, perfectly plastic. This so-called rigid- 
plastic method of analysis has been shown by experiments 
to be generally valid under static loading conditions. Al- 
so, Symonds (1) indicated that the rigid -plastic analysis 
results in reasonable predictions of behavior of structures 
under dynamic loads v.dien the external dynamic energy im- 
parted to the strvicture is at least ten times the amount of 
energy which coxild be absorbed by the strvictux*e elastically 
and V7hen the duration of the loading is short compared to 
the natui'al period of the stx'uctvire. 

Hodge (2, 3) investigated the response of a rigid, per 
fectly plastic cylindrical shall which is reinforced period 
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ically along its axis v?ith circumferential ring stiffeners 
and subjected to uniform radial dynamic pressures. The rig- 
id-plastic approach v;as used with further assumption that 
strain-rate sensitivity of the material and geometry changes 
that might occur during deformation may be neglected. Other 
theoretical analyses of cylindrical shells subjected to var- 
ious boundary conditions and types of dynamic loads invoked 
these same assumptions (4, 5, 6, 7 etc,). Jones (8) includ- 
ed the influence of changes in geometry in his theoretical 
analysis of cylindrical shells and concluded that geom- 

etry changes influence markedly the shell behavior even for 
quite small deflections and, therefore, they should be re- 
tained in any dynamic analyses of cylindrical shells with 
axial restraints". 

Several experimental investigations have indicated that 
strain-rate sensitivity and finite-deflections influence the 
plastic behavior of such structures as beams, cantilevers, 
and plates subjected to impulsive loads (9-14). Florence 

(15) investigated the buckling phenomenon in cylindrical 
shells, and a similar experimental investigation of buckling 
of cylindrical panels was undertaken at Picatinny Arsenal 

(16) . As for as the author is av?are, no experimental or the 
oretical studies on cylindrical shall panels subjected to in 
ternally applied impvilsive loads have been published. 

This experimental study presents the results of tests 
on circular cylindrical panels which v;ere subjected to in- 
ternally applied uniformly distributed impulsive velocities 
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with sufficient initial energy to cause plastic deformation 
of the panel. The panels were clamped on all four edges or 
on two edges only, and v;ere made of either mild steel or al” 
uminum 6061-T6. Since mild steel is very sensitive to 
strain'-rate and altiminum 6061 "T6 is stirain-^rate insensi- 
tive, a comparision of the results allows the influence of 
strain-rate sensitivity to be estimated. The influence of 
finite-deflections is indicated by a non-linear deflection 
vs, impulse plot of the results. 

It is hoped that these results may aid in assessing 
such numerical procedures as that devised by Leech, Witmer, 
and Pian (17) and in developing approximate rigid -plastic 
methods of analysis such as the present investigations in 
this area being undertaken in the Department of Naval Ar- 
chitecture and Marine Engineering at Massachusetts Institute 
of Te chno lo gy . 
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EXP SRI MENTAL DETAILS 



DuPont "Dstashset” explosive in a range of thiclaiess- 
es from ,010"inchas to . 045-inches v:as applied to the sur- 
face of cylindjrical shell panels. The panels V7ere of two 
sizes, approximately 180-degrees and 90-degrees in circum- 
ference. All cylindrical panels were approximately 6-inches 
long and 4-inches in outside diameter. The explosive in- 
tensity was sufficient to cause measurable permanent plas- 
tic deformation of the specimens. 

The majority of cylindrical shell specimens ware 90-- 
degree panels. These specim-ens were, of two nominal thick- 
nesses, .08-inches and .12-inches, and two materials, hot-- 
rolled mild steel and aluminum 6061 -To. They were formed 
from plate stock in a rolling machine to the 4-inch dia- 
meter. The 2-inch flanges (for clamping) vjere formed in 
a brake press. The steal specimens v;ere annealed and the 
aluminum specim.ens V7are heat treated to the To condition 
after the forming process. The specimen surfaces V7ere clean- 
ed V7ith a V7ire wheel and a fine emory cloth. Variation in 
thickness V7as found to be less than 0003-inch. Figure 1 
illustrates the 90-degraa specimen in its clamps. The clamps 
V7ere made of ^-inch thick steal plate. They ware serrated 
and case-hardenad in an attempt to ensure that fully clamp- 
ed support condition, with no slippage of the specimen, 
would exist. 

The 180-degrae spacimens were cut and milled in the ma- 
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chine shop from commercially available steel and aluminum 
tubing. The hot-rolled steel v/as v/elded tubing. The v;eld 
V7as not included in the specimen. The aluminum 6061-T6 
specimens v7ere milled from ,226-inch thicluiassj 4-inch out- 
side diameter pipe. The specimen surfaces V7ere left in the 
milled finish. The clamps were made from cold-rolled 1018 
steel seamless tubing. They were also serrated and case-- 
hardened. Either all four edges or two edges V7ere clamped. 
Figures 2a and 2b illustrate the 180-degree specimen in its 
clamps, 

Tne 180-degree specimens were loaded v7ith ''Datasheet’* 
explosive over the entire inner surface for most tests. 
Three 180-degree mild steel specimens v7ere loaded exter- 
nally v?ith Datasheet over an area 3-in x 4-in on the geo- 
metric center of the specimen's outer surface. These three 
tests were conducted to examine the response to an external 
load of the 180-degree, 2-edges-clamped specimen and its 
clamp apparatus. 

The 90-degree panels V7ere loaded over a 2-in x 3-in 
rectangular area of the center of the inner surface. 

A %-inch layer of low density (.027 g/cm^) polyeure- 
thene foam was employed as an attenuator between the sheet 
explosive and the specimen surface. This explosive-atten- 
uator system V7as calibrated and found to have a specific 
impulse of 17.59 x 10^^' dyne sec/g or 0,3977 lb sec/g (see 
Appendix A). It was only necessary to weigh the explosive 
to compute the actual impulse imparted to the specimen in 



each test. DuPont 4684 cement \:as used betv;een the '’Data- 
sheet", foam, and the specimen. 

The specimen-clamps arrangement (Figure 1 or Figures 
2a and 2b) v;as bolted to the metal support table (Figure 
3). Tlie table was constructed of %-inch steel plate and 
6-in X, 4~in I-beams. It v;as used for supporting specimens 
in all tests, including the impulse calibration tests. Fig 
ures 4a and 4b illustrate the general arrangement of appa- 
ratus for the tests. A "Detasheet" leader . 125-in x ,010-- 
in X 20-in v;as employed between the explosive sheet and a 
No, 6 electric blasting cap. The leader was attached to 
the geometric center of the explosive sheet on the specimen 
In some cases, the leader v;as split, with the two ends at- 
tached to the expl.osive sheet symmetrically about its cen- 
ter. The most effective method of attaching the leader v;as 
simply pressing the end of the leader into the sheet with a 
finger. The split leader was used so that the effect of 
the leader on the specimen deflection could be observed. 

The deflections were measured to the nearest 0,001-in. 
or 0,0001 -ill. by dial gauges arranged as in Figure 5. The 
measurements were taken prior to deformation and after de- 
formation v.’ith the specimen in its clamps. This procedure 
assured that any strain put on the STjecimen by the clamsps 
would not affect the deflection measurements. The final 
deflection was measured at points in a grid 15-degrees cir- 
cumferentially by 1-inch axially as illustrated in Figures 
6a and 6b. 
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The average density of each material v/as obtained by 
carefully weighing several samples and measuring their vol- 
urne using a water displacement method. The deiasity of mild 
steel was found to be 7.26 x 10“^'’ lb sec , The 180-- 

degree specimen aluminum had a density of 2.53 x 10“^’ lb 
sec ^/in^*" while the 90-degree specimen aluminvtm material 
had a density of 2.51 x 10"^^ lb sec ^/in^*'. 

Appendix D presents the results of tensile tests con- 
ducted on the specimen materials. 
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DISCUSSION OF RESULTS 



The experimental data resulting from impulsively load- 
ed cylindrical shell panels of aluminum 6061 “T6 and hot-- 
rolled mild steel are summarized in Tables la, lb, 2a, and 
2b. 

The experimental values of permanent deflections of the 
tv7o -edges “damped OO-degrea cylindrical panels resulting 
from uniformly distributed impulsive velocities (Vo)? ate 
presented for the aluminum 6061-T6 specimens and the mild 
steel specimans in Figure 13 and Figure 14, respectively. 

The maximum deflection occured at the center of the cylin- 
drical panel in most cases, as expected; therefore, the cen- 
ter point deflection, So > ^''^as used in all cases for consist- 
ency, It is seen that is related linearly to the inital 
velocity for a particular specimen thicluaess over the range 
of velocities examined in these tests. It is noted also 
that the relation must become nonlinear at velocities lov;ar 
than those examined here, since if the straight lines are 
extended, they do not pass through the origins in the plots. 
Similar results have been found for fully claaiped rectangu- 
lar plates under impulsive loads (14). 

The permanent deflections are tabulated for each speci- 
men tested in Tables 3, 4a, and 4b. Typical permanent de- 
flection profiles of the aluminum 6061 -T6 and the mild steel 
cylindrical panels are shown in Figures 15a to 15f. Since 
the profiles are nearly symmetrical in each case, only half 
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profiles are plotted. It is noted that the profiles of the 
four-edges-clamped mild steel 180-degree panels (Table 4a 
(a-c) and Figure 15e) reveal the unusual characteristic that 
the minimum deflection occurred at the center of the panel. 
This was not expected and can possibly be due to relatively 
large slipping of the panels in the clamps. The 180-degree 
specimens experienced slippage in all cases ranging from 
approximately 1/64-inch to 1/16-inch. The same clamps were 
used in three tests of externally loaded specimens, and slip- 
page was not observed in these tests. Data from the exter- 
nally loaded specimens are tabulated in Table 4b. A typical 
profile is shown in Figure 15f. The 90-degree specimens 
showed no evidence of slipping in any of the tests. 

The deflection parameter (<Sq/H^) is plotted as a func- 
tion of the impulse parameter (A, ) for the 90-degree mild 
steel and aluminum 6061-T6 cylindrical panels in Figure 16. 

It is evident from this figure that permanent deflections of 
panels made from mild steel are smaller than deflections of 
similar panels of aluminum 6061-T6. This difference in de- 
flections is believed to be due largely to the influence of 
the strain-rate sensitivity of the materials. The mild 
steel is strain-rate sensitive while the aluminum 6061-T6 
is relatively insensitive to strain-rate. 

The permanent deflections of mild steel and aluminum 
6061-T6 beams and plates subjected to impulsive loads have 
been shown in References (13) and (14) to be influenced by 
geometry changes. This influence is evidenced by a 
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nonlinear relation of deflection ratio to impulse 

parameter (X) at relatively high values of a. Figure 16 
appears to show an approximately linear relation of these 
parameters over the range of examined here. It appears, 
therefore, that bending only theory may predict results 
which closely approximate the experimental results over a 
range of less than 2.0. It is expected that any in- 

fluence of geometry changes on the deflection of impulsive 
ly loaded cylindrical shell panels would be less than that 
observed in plates and beams. It is recommended, however, 
that further tests for investigating the influence of ge- 
ometry changes on cylindrical shell deflections be conduct 
ed at higher values of impulse which would result in de- 
felctions greater than twice the corresponding thickness 
of the shells. 
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CONCLUSIONS 



A series of experimental tests were conducted in which 
circular cylindrical shell panels of mild steel and aluminum 
6061-T6 were subjected to impulsive velocities of sufficient 
intensity to produce permanent deformation of the panels. 
Approximately 30 tests were conducted on panels of various 
thicknesses and two panel sector sizes. Most panels were 
90-degrees in circumference and clamped on two edges only. 

It is shown that the permanent deflection is linearly 
related to the initial velocity of the cylindrical panel 
over the range of velocity examined. It appears that this 
relation would be nonlinear at velocities lower than those 
used here, since extensions of the lines plotted do not 
pass through the origin. 

It is evident that the mild steel specimen permanent 
deflections are less than those of geometrically similar 
aluminum 6061-T6 cylindrical panels subjected to the same 
magnitudes of impulse. It is concluded that this effect 
is due to the different material strain-rate sensitivities 
of the two materials tested. 

Geometry changes appear not to influence the permanent 
deflections of the cylindrical shell panels tested. Thus, 
it is concluded that finite deflections may be disregarded in 
a rigid-plastic analysis of the response of cylindrical shell 
panels to impulsive loading when is less than approx- 

imately 2.0. It is recommended that the range of impulse 
be extended beyond that examined here in further tests to 
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dsterinine the influence of geometry changes for def3.ection 
ratios greater than 2.0» 
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Spec 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 



TABLE la 



DATA FOR ALUrttNUM 6061 -^TS SPECIMENS 



0 Hg 2L Mg 



deg 


j.n 


in 


in 


l.b sec'^ 
in 

X 10 ‘ 


Ib sec'^ 
in^i^’ 

X 10“'^^ 


183.0 


6.40 


.1171 


6.00 


11.4 


2.53 


183.0 


6.40 


.1524 


5.87 


14.5 


2.53 


183.0 


6.40 


.1522 


5.82 


14.3 


2.53 


183.0 


6 .40 


.1524 


5.92 


14.6 


2.53 


90.0 


3.14 


.1244 


5.98 


5.88 


2.51 


91.2 


3.18 


.1248 


5,95 


5.95 


2.51 


90.3 


3.15 


.1248 


5.98 


5.90 


2.51 


90.1 


3.14 


.1249 


5.99 


5.90 


2.51 


90.4 


3.15 


.1248 


5.98 


5.90 


2.51 


90.4 


3.15 


.0818 


5.93 


3.87 


2.51 


90.4 


3.15 


.0315 


5.98 


3.86 


2.51 


90.6 


3.16 


.0815 


5.97 


3.86 


2.51 


91.2 


3.18 


.0816 


5.98 


3.90 


2.51 


90.6 


3.16 


.0816 


5.98 


3.87 


2.51 



d 

in 



3.88 

3.85 

3.85 

3.85 

3.88 

3.88 

3.88 

3.88 

3.88 

3.92 

3.92 

3.92 

3.92 

3.92 
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TABL3 lb 



SU^2•^AP^.Y OF ALU.'LLNUM 6061 -T6 



EXPERT- MENTAL DATA 



Spec 

No. 


We He 

S In 


Vo 

in/ sec 


in 


4 

ill 


<^0 


X 


Remark; 


1 


6.97 .010 


2771.97 ■ 


.0418 


.0371 


.317 


60.09 


1 


2 


7.35 .010 


2015.86 


.0510 


. 0468 


.307 


18.14 


2 


3 


15.55 .020 


4324.64 


.1956 


.1867 


1.23 


149.4 


2 


4 


21.13 .030 


5755.75 










3 


5 


1.34 .010 


906.32 


.0212 


.0212 


.170 


4.85 


4 


6 


2.11 .015 


1410.3 


.0633 


.0633 


.507 


11.68 


4 


7 


2.64 .020 


1779.5 


.0995 


.0995 


.797 


18.65 


4,5 


8 


2.44 .020 


1644.89 


.0930 


.0930 


.745 


15.88 


4,6 


9 


3.64 .025 


2453.41 








32.2 


4.7 


10 


1.35 .010 


1387.31 


.0652 


.0637 


.779 


23.57 


4,8 


11 


1.81 .015 


1864.86 


.1410 


.1410 


1.72 


51.46 


4,5,6 


12 


1.57 .015 


1617.59 


.1002 


.0962 


1.18 


38.72 


4,6,8 


13 


1.20 .010 


1223.69 


.0557 


.0557 


.683 


22.09 


4,6 


14 


1.67 .015 


1716.17 


.1107 


.1068 


1.31 


43.43 


4,5 
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1 

1 



RSM'\RKS CODS FOR TABL3 lb 



1 four edges clamped 

2 specimen slipped in clamps 

3 specimen torn out of clamps and split into five pieces 
due to excessive explosive 

4 Datasheet covered 2~in x 3-in rectangular area of 
specimen canter - tv;o edges clamped 

5 vary slight shear of specimen at clamped edge 

6 Detasheet perforated in symmetrical pattern for re- 
duction of explosive impulse 

7 specimen completely sheared at one clamped edge 

8 leader split into at specimen and positioned symmetri- 
cally about center of Datasheet 
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TABLE 2a 



DATA FOR HOT-ROLLED MILD STEEL S}?ECIMENS 



Spec 

No. 


dag 


G 

in 


in 


2L 

in 


lb sac^ 
in 

X l0“-‘- 


P 

0 

Ib sec ' 
X lO”'^^ 


d 

in 


1 


183.0 


6,40 


.1197 


6 . 0 


33.37 


7.26 


3.88 


2 


183.0 


6.40 


.1221 


6.0 


34.04 


7.26 


3.87 


3 


183.0 


6 ,40 


.1222 


6.0 


34.04 


7.26 


3.87 


4 


90.4 


3.15 


.1206 


5.98 


16.49 


7.26 


3.88 


5 


90.6 


3.16 


.1206 


5.99 


16.57 


.7.26 


3.88 


6 


91.2 


3.18 


.1202 


5.98 


16.59 


7.26 


3.88 


7 


91.2 


3.18 


.1209 


5.98 


16.69 


7 . 26 


3.89 


8 


90.4 


3.15 


.1205 


5.98 


16.48 


7.26 


3.88 


9 


90.0 


3.14 


.0757 


5.97 


10.30 


7.26 


3.92 


10 


90.6 


3.16 


.0764 


5.98 


10.48 


7.26 


3.92 


11 


91.2 


3.18 


.0760 


5.96 


10.46 


7.26 


3.92 


12 


90.4 


3.15 


.0755 


5.98 


10.33 


7.26 


3.92 


13 


90.4 


3.15 


.0759 


5.98 


10.38 


7.26 


3.92 


14 


183.0 


6.40 


.1608 


5.90 


44.08 


7.26 


3.84 


15 


183.0 


6.40 


.1610 


5.90 


44.14 


7.26 


3.84 


16 


183.0 


6.40 


.1610 


5.90 


44.14 


7.26 


3.84 
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TABLE 2b 



SUMMARY OF HOT-ROLLSB FttLD STEEL 
EXP ERI MEN TAL DATA 



Spec 


We 


He 


Vo 


L 


4 


if- 


X 


Remarki 


No. 


g 


in 


in/ sec 


in 


ih 








1 


13.79 


,020 


1643.48 


.0332 


.0212 


.1771 


39.85 


1 


2 


31 .55 


.045 


3686.09 


.1837 


.0956 


.7829 


187.5 


1,2 


3 


20.74 


.030 


2423.12 


.0721 


.0520 


.4255 


82.69 


1,2 


4 


4.76 


.030 


1141.94 


.0960 


.0960 


.763 


26.56 


3 


5 


6.27 


.045 


1504.88 


.1722 


.1703 


1.41 


46 . 03 


3,4 


6 


3.37 


.025 


807.87 


.0470 


.0470 


.391 


13.38 


3,5 


7 


5.02 


.035 


1196.20 


.1020 


.1020 


.843 


29.21 


3 


8 


5.77 


.040 


1392.43 


.1481 


.1481 


1.23 


39.55 


3 


9 


4.78 


.030 


1845.64 










3,6 


10 


1.84 


.015 


698.25 


.0273 


.0273 


.357 


32.93 


3,7 


11 


3.15 


.025 


1197.66 


.1272 


.1135 


1.482 


78.48 


3,4 


12 


2.65 


.020 


1020.33 


.0905 


. 0844 


1.118 


57.72 


3,4,5 


13 


2.17 


.015 


831.41 


.0480 


.0480 


.632 


37.92 


3 


14 


8.38 


.030 


756.60 


.060 


.056 


.37 3 


4.58 


8 


15 


17.60 


.060 


1585.75 


.494 


.494 


3.069 


20.09 


8 


16 


13.12 


.045 


1182.11 


.1620 


.1620 


1.006 


11.16 


8 
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REMARKS CODS FOR TABLE 2b 



1 four edges clamped 

2 specimen slipped im clamps 

3 Datasheet covered 2-in x 3~in rectangular area of 
specimen centei* - two edges clamped 

4 very slight shear of specimen at clamped edge 

5 leader split into at specimen and positioned symmetri- 
cally about center of Datasheet 

6 specimen completely sheared at one clamped edge 

7 Datasheet perforated in symmetrical pattern for re- 
duction of explosive impulse 

8 external load - two edges clamped - Datasheet covered 
3-in X 4-in rectangular area of outside surface of 
specimen center 
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TABL 



PSRmNSNT D2FLSCTI0N DATA 
FOR ALUi'HNUM 6051-T6 SP3CIM2NS 



(Da 


fj.ection values 


are in inch 


as. Sea 


Figures 6a 


and 6b 


fo 


r Xj y coordinates.) 










a . Aluminum 6061 “T6 


Specims: 


n No . 1 




X 


1 


2 


3 


4 


5 


y 












1 


,020 


.025 


.017 


.019 


.027 


2 


.0263 


.0375 


.0316 


.0273 


.0406 


3 


.022 


.038 


.039 


.036 


.046 


4 


.021 


,0343 


.0385 


.0349 


,0390 


5 


.020 


.036 


.037 


.031 


.041 


6 


. 0249 


.0345 


.0371 


.0313 


. 0407 


7 


.028 


.034 


.038 


.035 


.034 


8 


.032 


.0411 


.0418* 


.0321 


.0259 


9 


.029 


.037 


.041 


.038 


.037 


10 


. 0343 


. 0404 


.0406 


.0365 


.0402 


11 


.030 


.041 


.033 


.034 


.043 
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TABLE 3 (continued) 



b. Aluminum 6061-T6 Specimen Kpo 2 



X 


1 


2 


3 


4 


5 


y 












1 


.01 


.01 


.01 


.012 


.014 


2 


.017 


,017 


.019 


.020 


.023 


3 


.0185 


.0220 


.0235 


.0246 


.0284 


4 


.036 


.038 


.038 


.037 


.038 


5 


. 0424 


.0467 


.0468 


.0493 


.0449 


6 


.048 


.050 


.051* 


.050 


.048 


7 


. 0493 


.0479 


.0478 


.0491 


.0500 


8 


.046 


.046 


.045 


.048 


.046 


9 


.0336 


.0310 


.0321 


.0337 


.0339 


10 


.024 


.025 


.025 


.027 


.026 


11 


.015 


.015 


,012 


.012 


.012 



-29 






A|0. 



€C0. 





t". 



U)^', _ 


. ’/• 


7 - 

m* 
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ftccr#. 




mo. 


. '0- 


uo. 


0. 






Of\, 




mita. 
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TABL3 


3 (continuad) 












c* Aluminum 6061-T6 


Spe cimen 


No. 3 




X 


1 


2 


3 


4 


5 


y 












1 


.083 


.089 


.098 


.096 


.085 


2 


.1149 


.1247 


.1271 


.1236 


.1162 


3 


.134 


.136 


.141 


.138 • 


.136 


4 


.1287 


.1278 


.1318 


.1289 


.1329 


5 


.179 


.171 


.176 


.179 


.179 


6 


.1949 


.1729 


.1869 


.1888 


.1956* 


7 


.181 


.156 


.174 


.179 


.187 


8 


. 1464 


.1244 


.1413 


. 1435 


.1419 


9 


.148 


.136 


.158 


.146 


.141 


10 


.1272 


.1330 


. 1448 


.1301 


.1148 


11 


.083 


.090 


.098 


.092 


.076 
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iM# 




U! >7. 




• ? , 




^:iU 


Ha* 


J'.: ; ♦ , 


‘ 4‘. : . 


>■• f . 






• ... , 


n-. :t . 


<r\ ♦ * 


f 

> lb 


u. 








■'■' 1 ' 


*^it. 






* • • 

.! t • 


i» I , 






. 1 ^ 


i. 








' ’ 'V , 



TABLi 3 (continued) 



d. Aluminum 60&1-T& Specimen No. 5 



X 


1 


2 


3 


4 


5 


y 












1 


.004 


.013 


.014 


.010 


.002 


2 


.0076 


.0151 


.0207 


.0146 


.0048 


3 


.0095 


.0162 


.0212* 


.0152 


.0070 


4 


.0056 


.0137 


.0178 


.0121 


.0043 


5 


.003 


.011 


.014 


.009 


.002 





e. Aluminum 6061 -To 


Specimen 


No. 6 




X 


1 


2 


3 


4 


5 


y 












1 


.005 


.035 


.044 


.037 


.009 


2 


.0088 


.0347 


.0565 


.0441 


.0103 


3 


.0098 


.0396 


.0633* 


.0441 


.0095 


4 


.0090 


.0388 


.0465 


.0426 


.0057 


5 


.003 


.020 


.028 


.026 


.003 
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TABL3 3 


(continued) 










f. 


Aluminum 6061-T6 


Specimen 


No. 7 




X 


1 


2 


3 


4 


5 


y 

1 


.010 


.052 


.065 


.050 


.008 


2 


.0178 


.0797 


.0910 


.0733 


.0121 


3 


.0222 


.0855 


.0995* 


.0777 


.0153 


4 


.0173 


.0833 


.0978 


.0785 


.0136 


5 


.010 


.050 


.060 


.049 


.008 







Aluminum 6061 -Tv 


S Specimen 


o 

CO 


_ 


X 


1 


2 


3 


4 


5 


y 












1 


.009 


.054 


.070 


.056 


.012 


2 


.0014 


.0673 


.0894 


.0636 


.0227 


3 


.0167 


.0682 


.0930* 


.0654 


.0253 


4 


.0121 


.0635 


.0871 


.0579 


.0216 


5 


.011 


.043 


.054 


. 044 


.009 
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TABL3 3 (continued) 



h. Aluminum 6051”T6 Specimen No* 3.0 



X 


1 


2 


3 


4 


5 


y 

1 


.006 


.040 


.049 


.043 


.011 


2 


.0118 


.0552 


.0638 


.0534 


.0140 


3 


.0133 


.0472 


.0637 


.0470. 


.0137 


4 


.0116 


. 0492 


.0652* 


.0554 


.0116 


5 


.010 


.044 


.057 


.044 


.004 



- 


i. 


Muminum 6061 -T6 


Specimen 


No, 11 




X 


1 


2 


3 


4 


5 


y 












1 


. 024 


.086 


.106 


.074 


.014 


2 


.0338 


.1190 


.1307 


.1067 


.0184 


3 


.0356 


.1208 


.1410* 


.1074 


.0239 


4 


.0358 


.1169 


.1305 


.1235 


.0222 


5 


.013 


.074 


.115 


.090 


.010 
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TABLE 3 (continued) 



j. Aluminum 6061~T6 Specimen 12 



X 


1 


2 


3 


4 


5 


y 

1 


.007 


.050 


.062 


O 

CO 


.012 


2 


.0144 


.0746 


.0862 


.0681 


,0154 


3 


.0182 


.0783 


.0962 


.0757 


.0192 


4 


.0208 


.0756 


.1002’- 


.0754 


.0194 


5 


1 — 1 
o 


.068 


CO 

o 

0 


.058 


.010 





k, Alumi 


num 6061-T6 


Specimen 


Mo. 13 




X 


1 


2 


3 


4 


5 


y 












1 


,003 


.032 


.037 


.039 


.015 


2 


. 066 


.0422 


.0532 


.0473 


.015 


3 


.097 


. 0463 


.0557* 


.0489 


.0146 


4 


.0109 


, 0448 


.0504 


.0357 


.0090 


5 


.011 


.028 


.034 


.033 


.006 
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TABLfl 3 (continued) 





1. , 


Aluminum 6061-T6 


JC 


1 


2 


y 






1 


.012 


.059 


2 


.0157 


* 0888 


3 


.0168 


.0850 


4 


.0127 


.0833 


5 


.010 


.054 



Specimen Mo. 14 



3 


4 


5 


076 


.069 


.019 


1107* 


.0949 


.0268 


1068 


.0781 


.0237 


1027 


.0896 


.0121 


077 


.062 


.003 



* indicates maximum permanent defJ-ection 
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TABLE 4a 



PERMANENT DSFLECTIOK DATA FOR 
r-IILD STEEL SPECIMENS 



a. Mi-Id Steel Spscirnen No. 1 



X 

y 


1 


2 


L 

3 


4 


5 


1 


.016 


.017 


.019 


.020 


.018 


2 


.0254 


.0276 


.0317 


.0332* 


.0314 


3 


.017 


.018 


.024 


.021 


.018 


4 


, 0261 


.0266 


.0307 


.0289 


.0228 


5 


.024 


.020 


.024 


.021 


.018 


6 


.0235 


.0190 


.0212 


.0193 


.0173 


7 


.023 


.022 


.023 


.021 


.021 


8 


.0251 


.0222 


.0257 


.0235 


.0218 


9 


.016 


.015 


.016 


.016 


.017 


10 


.0235 


.0228 


.0252 


.0233 


.0224 


11 


.018 


.017 


.016 


.017 


.019 
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y 

1 

2 

3 

4 

5 

6 

7- 

8 

9 

10 

11 



4a (continued) 



b. Mild St 



1 


2 


098 


.114 


1500 


.1663 


131 


.140 


1312 


.1343 


115 


.107 


1143 


.1031 


117 


.106 


1340 


.1330 


138 


.150 


1618 


.1800 


124 


.132 



el Specimen No 
3 

.107 

.1694 

.141 

.1343 

.100 

.0955 

.101 

.1392 

.151 

.1837* 

.133 



2 



4 


5 


107 


.096 


1681 


.1498 


141 


.127 


1343 


.1294 


104 


.112 


0979 


.1077 


105 


.112 


1378 


.1375 


152 


.140 


1796 


.1668 


130 


.129 



2 , 1 - 



4a (continued) 



TABL3 





c. 


Mild Steel 


Specimen 


No. 3 




X 


1 


2 


3 


4 


5 


y 












1 


.052 


.042 


. 044 


.041 ■ 


.041 


2 


.0559 


.0631 


.0578 


.0564 


.0565 


3 


.057 


.052 


.051 


.046 


.050 


4 


.0569 


.0450 


.0558 


.0500 


.0533 


5 


.053 


.047 


. 048 


.051 


.052 


6 


.0521 


.049 


.0431 


.0463 


.0520 


7 


.055 


.050 


.052 


.051 


.056 


8 


.0642 


.0651 


.0581 


.0649 


.0630 


9 


.066 


.065 


.069 


. 064 


.061 


10 


.0692 


.0721* 


.0713 


.0713 


.0657 


11 


.049 


. 047 


.050 


.048 


.046 
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TABLfi 4a (continusd) 





d. 


Kiild Steel 


Specimen Mo. 


4 




X 


1 


2 


3 


4 


5 


y 












1 


,016 


.051 


.054 


.037 


.016 


2 


.0423 


.0895 


.0918 


.0742 


.0345 


3 


.0516 


.0897 


.0960* 


.0843 


.0399 


4 


.0417 


.0796 


.0814 


.0707 


.0297 


5 


.014 


.030 


.037 


.028 


.010 





e. 


Mild Steel 


Specimen Mo. 


5 




X 


1 


2 


3 


4 


5 


y 












1 


.022 


.090 


.120 


.091 


.025 


2 


.0583 


.1332 


.1722* 


.1421 


.0596 


3 


.0677 


.1508 


.1703 


.1371 


.0680 


4 


.0543 


.1368 


.1622 


.1358 


.0543 


5 


.022 


.067 


.084 


.060 


.021 
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TABLE 



4a (continued) 





f. 


Hild Steel 


Specimen N' 


0 . 6 




X 


1 


2 


3 


4 


5 


y 












1 


.010 


.019 


.023 


.015 


.008 


2 


.0244 


.0398 


.0335 


.0324 


.0190 


3 


.0307 


.0405 


.0470'' 


.0375 


.0238 


4 


.0227 


.0249 


.0383 


.0315 


.0192 


5 


.009 


.019 


.022 


.015 


.007 





g- 


Mild Steal 


Specimen No. 


7 




X 


1 


2 


3 


4 


5 


y 












1 


.013 


.044 


. 064 


.054 


.021 


2 


. 0429 


.0912 


.1004 


.0885 


.0451 


3 


.0555 


.0948 


.1020''- 


.0956 


.0517 


4 


.0421 


.0753 


.0974 


.0743 


.0390 


5 


.019 


.040 


.047 


.030 


.010 
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TABLE 4a (continued) 





h. 


Mild Steel 


Specimen No. 


8 




X 


1 


2 


3 


4 


5 


y 












1 


.015 


.051 


.059 


.055 


.022 


2 


.0529 


.1210 


.1389 


.1116 


.0548 


3 


.0700 


.1291 


.1481VC 


.1193 


.0673 


4 


.0583 


.1242 


.1386 


.1073 


.0427 


5 


.029 


.073 


.082 


.058 


.021 





i. 


Mild Steel 


Specimen No, 


10 




X 


1 


2 


3 


4 


5 


y 












1 


.007 


.011 


.017 


.011 


. 005 


2 


.0081 


.0172 


.0198 


.0185 


.0038 


3 


.0086 


.0174 


.0273* 


.0190 


.0057 


4 


.0077 


.0235 


.0271 


.0225 


.0050 


5 


. 004 


.016 


.019 


.011 


.004 
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TABLE 4a (continued) 





j- 


Mild Steel 


Spacimans 


No . 11 




X 


1 


2 


3 


4 


5 


y 












1 


.004 


.058 


.115 


.102 


.024 


2 


.0110 


.0993 


.1272-v 


.1074 


.0297 


3 


.0159 


.0846 


.1135 


.0995 


.0278 


4 


.0131 


.0701 


.0920 


.0894 


.0227 


5 


.022 


.043 


.051 


.038 


.012 





k. 


Mild Steel 


Spaciman No. 


12 




X 


1 


2 


3 


4 


5 


y 












1 


.008 


.023 


.049 


. 036 


.008 


2 


.0173 


.0525 


.0787 


.0602 


.0164 


3 


.0239 


.0683 


• 

o 

CO 


.0706 


.0247 


4 


. 0244 


.0726 


.0905* 


.0818 


.0261 


5 


.019 


.058 


.083 


.065 


.002 



- 42 - 



TABLE 4a (continued) 





1. 


Mild Steel 


Specimen No. 


13 




X 

y 


1 


2 


3 


4 


5 


1 


.005 


.014 


.023 


.022 


. 006 


2 


.0071 


.0359 


. 0434 


.0387 


.0101 


3 


.0078 


.0453 


.0480* 


o 

CO 


.0115 


4 


.0068 


.0305 


.0346 


.0267 


.0080 


5 


.006 


.013 


.017 


.012 


.004 



indicates maxiniuin permanent deflection 
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TABLE 4b 

PER1>14NENT DEFLECTION DATA FOR MILD STEEL 
SPECIMENS UNDER EXTERi'^AL LOAD 

(minus (-) denotes outward deflections) 

Mild Steel Specimen No. 14 



X 


1 


2 


3 


4 


5 


y 












1 












2 


-.007 


-.018 


-.027 


-.021 


-.014 


3 


.000 


-.005 


-.003 


-.007 


.002 


4 


.015 


.018 


.028 


.023 


.021 


5 


.033 


.044 


.054 


.048 


.046 


6 


.040 


.050 


.060* 


.056 


.052 


7 


.036 


.045 


.055 


.052 


.045 


8 


.013 


.018 


.026 


.022 


.019 


9 


-.004 


-.008 


-.012 


-.012 


-.005 


10 


-.022 


-.026 


-.027 


-.027 


« • 026 



11 
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TABLE 4b (continued) 

Mild Steel Snecinien Mo. 15 



X 1 2 

y 

1 



2 


-.092 


-.104 


3 


.006 


.013 


4 


.138 


.225 


5 


.244 


.348 


6 


.291 


.393 


7 


.235 


.363 


8 . 


.125 


.256 


9 


-.025 


-.015 


10 


- . 140 


-.159 


11 







3 


4 


5 


-.110 


-.108 


-.092 


.015 


.015 


.004 


.206 


235 


.132 


.384 


.350 


.233 


.494* 


.398 


.276 


.390 


.355 


.221 


.216 


.260 


.113 


-.012 


-.012 


-.028 


- , 166 


-.159 


-.137 
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TABLE 4b (continuad) 



Mild Steel Specimen No, 16 



X 


1 


2 


3 


4 


5 


y 












1 












2 


5 

O 


- . 08 1 


-.082 


-.078 


-.064 


3 


-.026 


-.032 


-.033 


-.029 


-.022 


4 


.045 


.065 


. 066 


.063 


.038 


5 


.103 
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SPECIMSl^ IN FLIGHT (TEST NO. 29) 
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APPENDIX A 



CALIBRATION OF EXPLOSIVE II-IPULSS 

Preparation of the Explosive 

The explosive used V7as DuPont ''Detaslieet'* EL506D<, Its 
composition is 63% pentaarythritol (PETN), 87o nitrocellulose, 
and the remainder an elastomeric binder. It was delivered 
in rectangular iO-inch by 20“-inch sheets of ,010, .015, and 
.030"inch thicknesses* 

Each explosive sample v;as xv’eighed to the nearest 0,01 
gram. Its thiclmess V7as checked aj.id found to vary a maximum 
of '^-,001 inches. The frequency of this thiclcness variation 
was high, so that effect of local thickness V7as considered 
negligible on the impulse per unit v;eight of explosive. 

The specific impulse of the calibrated explosive allov;s 
the irapvilse of the explosive used in a particular experi- 
mental test to be determined by lmov;ing the weight of the 
explosive , 

The Calibration Procedur e 

The specific impulse of the explosive v;as detex'mined 
by a series of calibration tests V7hich v;ere independent of 
the cylindrical panel experimental tests. The general msth^ 
od of calibration was that of measuring the velocity of a 
circular disk which had bean accelerated either upv;ard or 
dovmv7ard by the explosive. The specific impulse of the ex“ 
plosive is related to the measured velocity by the formula: 

Iq == Hg Vq dyne sec/g 
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Most spaclmons vrore l/8“lnch thick, 3"inch diameter 
mild steel disks. Hoi'?ever several 180-degree, 3~inch diam- 
eter cylindrical panels, and 3-inch chord, 5-inch diameter 
spherical caps were also tested in an attempt to estimate 
the effects of cur\mture of the specimens on specific im- 
pulse. Figure 7 illustrates the three types of calibration 
specimens « 

Figure 4a presents the general arrangemeiit of apparatvts 
for the calibration tests. Figures 8 and 9 show detailed 
arrangements for tests of downVv-'ard accelerated disks and 
upward accelerated disks, respectively. Tlie velocity of the 
disk was determined by Fastax (Wollensak WF-?.) framing cam- 
era* The camera v:as focused on the edge of the dislc and 
photographed the first several Inches of its flight. The 
disk V7as surrounded by a baffle plate %-inch from its edge 
so that smoke from the blast v7ould be kept from the camera 
field of view. A layer of low density (.027 S/cm^) foam 
rubber V7as placed with DuPont 4684 cement betv7veen the ex- 
pj.osive sheet and the specimen. This foam attenuated the 
explosive and prevented pitting and spalling of the speci- 
men surface. A strip of explosive I /8-inch V7ide by 20-- 
inches long v7as used as a leader from the specimen center 
to a No. 6 clectx*ic blasting cap which activated the ex- 
plosive. The leader was .010-inches thick for .OlO-inch 
thick explosive and .015-inches tliick V7han tests used great- 
er than . OlO-inch explosive. 

The camera time scale was provided by standard Fastax 
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titn2 calibration pulses from a 1“KC frequency standard 
lighting a glow tube, the light from v;hich v;as photographed 
on the filmc The camera speed was approximately 12000 pic- 
tures per second (pps)<> One-hundred-foot rolls of Eastman 
Negative Type 7224 film or Kodak Reversal Type 7278 film 
were used, and the bl.ast (event) V7as delayed until 0«7 sec- 
onds after the camera started. This delay allowed the cam- 
era to increase to sufficent speed for maximum number of 
pictures taken during the specimen flight. 

Reference markers (graduated steel rule) exactly 1-- 
inch apart were positioned parallel to the specimen flight 
path. The markers v;ere close enough to the disk (1/16-- 
inch) so that parallax could be neglected vjhen the camera 
viev; v;as perpendicular to a line through the disk center 
and the reference markers. - -- 

Several assumptions vrere made in the impulse calibra- 
tion tests. The edge of the disk was assumed to have the 
same velocity as its center. Departure of the disk from 
the vertical v;as assumed negligible. This appears to be a 
reasonably valid assumption from the photographs. Also, 
in at least two tests which v;ere directed upward, the disk 
returned through the baffle hole. Interaction between the 
disk and the surrounding baffle V7as assumed neglible. It 
Vi7as also assumed that the chemical composition of the ex- 
plosive remained constant. The effect of air drag on the 
specimen in a typical shot is shovTn to be negligible in 
Appendix B, The effects of rotation about the x and y axes 
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ax'e calculated in tests where rotation is observed. A 
sample calculation is shovm in Appendix C« 

Pve suits 

Table A1 presents a summary of the results of the im- 
pulse calibration tests . 

Teat Nos, 1-4 were of downv;ard accelerated disks. The 
specific impulse values varied greatly and are inconsistent 
with the values computed from later tests. It is thought 
that the procedure in these tests of using masking tape for 
supporting the specimens resulted in the loss of an indeter- 
minate amount of energy and also excessive rotation of the 
specimens. This problem was solved in later tests by using 
tv:o thin paper strips, approximately 1/8-inch v;ide, posi- 
tioned across the baffle hole to support the specimen during 
the period iivunediately before the detonation. 

Tests Nos, 12 and 13 used ,030-inch explosive v/ith an 
upward directed blast. The photographs were completely ob- 
scured by smoke. The baffles were apparently ineffective 
for the upward blasts using explosive greater than ,020-” 
inch thickness. 

The cylindrical panel and spherical cap specimens i*e- 
sulted in val.ues V7hich V7ere consistently V7ithin the range 
of values of Iq obtained from dj.sk specimens. Test No. 25 
photographs vrere completely obscured by smoke. Test No. 

29 was below the range of but this could be partly due 

to the decrease in v^elocity at a distance 10-15 inches from 
its initial position. It is concluded that curvature effects 
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on the specific impulse within the range of explosive v;eight 
tested are vary small and may be neglected <, 

Figure 10 shov7s the linear variation of impulse as a 
function of explosive v/eight. Table A2 presents the data 
plotted. Representative tests over the range of explosive 
V’^eights used in the tests v;ere plotted. This represents ex- 
plosive thicknesses from .010 to «030-inches . It is seen 
that Impulse increases linearly with explosive v7eight over 
the range of explosive calibrated. 

Table A3 is a summary of tlia tests used for computing 
the final average specific impulse. Other tests vze-re dis- 
regarded for reasons of inconsistences due to rotation or 
photographs obscured by smoke. AlsOj tests using curved 
specimens were not used in the final average value. The 
ten tests used V7ere all disks, five accelerated upv7ard and 
five accelerated dovTnward, and the resvilting average spe- 
cific impulse V7as found to be 17.69 x 10“^ dyne sec/g. This 
value compares to a specific impulse of 18.52 x 10^^ dyne 
sec/g reported in the Picatinny Arsenal experiments (18), 
However, the latter experiments did not account for the 
effects of gravity and all tests V7ere of dov7iiward accel- 
erated specimens. Neglecting gravity, the average specific 
impulse of the five tests accelerated dov7nv7ard (Test Nos. 

14, 15, 16, 19, and 20) is found to be 18.28 x 10^^ dyne 
tec/g. 

In comparing the results here with those of reference 
(18), the fact that in I'eference (18), the. explosive V7as 



detonated at one end of the specimen .instead of at the 
specimen center, should be considered. V/ith this in mind 
the results, neglecting gravity, reported here compare fa 



vorably to the 
A typical 
panel specimen 



results reported in reference (18)* 
framing camera photograph of a cylindrical 
in flight is presented in Figure 11, 
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TABLE A1 



SUM'IARY OF IMPULSE CALIBRATIOM RESULTS 



Test Mg Wg Spec. Blast 0^, 0y Remarks 

Mo. g g in Geom, Dir. y2ad 



1 


105.85 


2.95 


.020 


Disk 


Dovm 


0.41T 


0.7511 


2 


106.15 


1.47 


.010 


Disk 


DO^vTI 


0.3Tf 




3 


105.20 


2.98 


.020 


Disk 


Dovjn 


0.2-kr 


0.09TT 


4 


105.10 


1.50 


.010 


Disk 


Dovm 




2 IT 


5 


105.25 


1.67 


.010 


Disk 


Dovm 






6 


106.17 


3.22 


.020 


Disk 


Up 


o.2rr 


0.4 TT 


7 


106.15 


1.53 


.010 


Disk 


Up 


0.2M 


O 

o 


8* 


105.48 


1.50 


.010 


Disk 


Up 






9 


105.55 


3.20 


.020 


Disk 


Up 


0,311 


0.4 IT 


10* 


107.02 


2.68 


.015 


Disk 


Up 






11* 


106.27 


2.64 


.015 


Disk 


Up 






12 


107.33 


4.95 


.030 


Disk 


Up 






13 


107.02 


5.00 


.030 


Disk 


Up 






14* 


107.02 


2.65 


.015 


Disk 


Dovm 






15* 


105.87 


2.63 


.015 


Disk 


Do'.m 






16* 


105.87 


2.67 


.015 


Disk 


Dovm 






17 


417.8 


3.42 


.015 


Cyl . 


Up 






18 


414.2 


3.40 


.015 


Cyl. 


Up 






19* 


106.58 


2.72 


.020 


Dislc 


Dovm 






20* 


105.70 


2.51 


.015 


Disk 


Dovm 






21 


102.42 


2.59 


.015 


Cap. 


Dovm 






22* 


105.23 


2.7 


.020 


Disk 


Up 






23* 


105.90 


2.69 


.020 


Disk 


Up 






24 


131.85 


3.13 


.015 


Cap. 


Up 






25 


413.5 


3.48 


.015 


Cyl. 


Up 






26 


107.77 


5.22 


.030 


Disk 


DOV7il 






27 


106.84 


5.00 


.030 


Disk 


Dovm 






28 


107.51 


7.94 


.045 


Disk 


Dov7n 






29 


413.5 


6.90 


.030 


Cyl. 


Dovm 
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TABLE A1 (continued) 



Test 

Mo. 


n 


^11 

in 


^n 

msec 


2g’nn 
cm/ sac 


Vn 

cm/ sec 


V 

o 

cm/ sec 


I 

o 

10^'’djma sec/, 




1 


3.0 


1.86 


122.6 


3977.4 








2 


3.5 


2.11 


132.8 


4087,2 






1 


3 


4c0 


2.36 


142.1 


4167.9 


4149.8 


15.89 




4 


4.5 


2.61 


150.6 


4229.4 








5 


5.0 


2.86 


159.2 


4280.8 








6 


6.0 


3.52 


174.1 


4155.9 








1 


3.0 


3.85 


122.6 


1857.4 








2 


3.5 


4.51 


132.8 


1837.2 






2 


3 


4.0 


5.18 


142.1 


1817.9 


1812.3 


13.29 




4 


4.5 


5.84 


150.6 


1809.4 








5 


5.0 


6.51 


159.2 


1790.8 








6 


6 . 0 


7.89 


174.1 


1760.9 








1 


4.0 


2.28 


142.1 


4317.9 








2 


4.5 


2.61 


150.6 


4229.4 






3 


3 


5.0 


2.94 


159.2 


4160.4 


4210.0 


14.97 




4 


5.5 


3.19 


166.7 


4133.3 








1 


3.0 


6.53 


122.6 


1045.4 








2 


3.5 


7.70 


132.8 


1022.2 






4 


3 


4.0 


8.70 


142.1 


1025.9 


1027.5 


9.52 




4 


4.5 


9.55 


150.6 


1047.9 








5 


5.0 


10.55 


159.2 


1042.8 






- 


6 


6.0 


13.20 


174.1 


983.9 








1 


3.75 


2.03 


137.3 


4827.3 








2 


4.25 


2.28 


146.4 


4876.4 






6 


3 


4.75 


2.53 


154.7 


4914.7 


4944.4 


16.65 




4 


5.25 


2.78 


162.9 


4962.9 








5 


5.75 


3.03 


170.4 


4990.4 








6 


6.75 


3.49 


184.5 


5094.5 








1 


2.75 


3.13 


117.8 


2352.8 








2 


3.25 


3.63 


128.0 


2403.0 






7 


3 


3.75 


4.13 


137.3 


2442,3 


2416.6 


16.88 




4 


4.25 


4.71 


146.4 


2436.4 








5 


4.75 


5.29 


154.7 


2434.7 








6 


5.75 


6.46 


170.4 


2430.4 








1 


5.75 


4.05 


137.3 


2487.3 








2 


4.25 


4.55 


146.4 


2521.4 






8 


3 


4.75 


5.05 


154.7 


2544.7 


2542.5 


17.88 




4 


5.25 


5.55 


162.9 


2562.9 








5 


5.75 


6.13 


170.4 


2552.4 








6 


6.75 


7.13 


184.5 


2586.5 
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XABLS A1 (continued) 



Test 

No, 


n 


in 


msec 


cm/ sec 


Vn 

cm/ sec 


Vo 

cm/ sac 


10^‘dyne sec/g 




1 


3,25 


1.69 


128,0 


4988,0 








2 


3o75 


1.86 


137.3 


5205,8 






9 


3 


4,25 


2,19 


146.4 


5076,4 


5151.6 


17.45 




4 


4,75 


2,36 


154,7 


5274.7 








5 


5,25 


2.60 


162.9 


5302.7 








6 


5,73 


3.02 


170.4 


5010,4 








1 


3,25 


2.03 


128,0 


4198.0 








2 


3,75 


2,20 


137.3 


4467.3 






10 


3 


4,25 


2.45 


146.4 


4556,4 


4487.5 


17.93 




4 


4.75 


2,70 


154.7 


4614.7 








5 


5 c 25 


3.03 


162.9 


4567.9 








6 


5,75 


3.36 


170.4 


4520,4 








1 


2,75 


1.7 


117.8 


4227.6 








2 


3,25 


1.95 


128.0 


4358.0 






11 


3 


3,75 


2.20 


137,3 


4467.3 


4457.4 


17.95 




4 


4,25 


2.45 


146.4 


4556,4 






, 


5 


4,75 


2.70 


154.7 


4624.7 








6 


5,75 


3.36 


170.4 


4510.4 








1 


3o0 


1.7 


122.6 


4357.4 








2 


3.5 


1.75 


132,8 


4427.2 






14 


3 


4.0 


2.20 


142.1 


4477.9 


4417.3 


17,84 




4 


4.5 


2.45 


150.6 


4509.4 








5 


5,0 


2,76 


159.2 


4445.8 








6 


6.0 


3.42 


174.1 


4285.9 








1 


3.0 


1.7 


122.6 


4357,4 








2 


3,5 


1.95 


132.8 


4427.2 






15 


3 


4.0 


2.2 


142.1 


4477.9 


4447,0 


17.91 




4 


4.5 


2.45 


150.6 


4509.4 








5 


5,0 


2.70 


159.2 


4545.8 








6 


6,0 


3.36 


174.1 


4365.9 






16 


1 


5.0 


2.70 


159.2 


4540,8 


4513,3 


17.96 




2 


6,0 


3.20 


174.1 


4585 . 9 








1 


2.0 


3.87 


100,3 


1413.3 








2 


3,0 


5.70 


122.6 


1462.6 






18 


3 


4,0 


7.53 


142.1 


1492.1 


1468.2 


17.89 




4 


5.0 


9.53 


159.2 


1494.2 








5 


6.0 


11.69 


174.1 


1479.1 








1 


3.0 


1.72 


122.6 


4307.4 








2 


3.5 


1.88 


132.8 


4597.2 






19 


3 


4.0 


2.21 


142.1 


4457.9 


4354,8 


17.07 
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TABLE A1 (continued) 



Test 


n 


^^n 


n 


2crh 
o n 


V 

n 


V 

o 




No. 




in 


msec 


cm/sec 


cm/ sec 


crn/sec 


lO^dyne sec/g 


19 


4 


4.5 


2.54 


150.6 


4349.4 








5 


5.0 


2.87 


159.2 


4270.8 








6 


6.0 


3.53 


174.1 


4145.9 








1 


3.0 


1.86 


122.6 


3977.4 








2 


3.5 


2.11 


132.8 


4087.2 






20 


3 


4.0 


2.38 


142.1 


4167.9 


4149.8 


17.48 




4 


4.5 


2.61 


150.6 


4229.4 








5 


5.0 


2.86 


159.2 


4280.8 








6 


6.0 


3.52 


174.1 


4155.9 








1 


3.0 


1.80 


122.6 


4157.4 








2 


3.5 


2.03 


132.8 


4247.2 






21 


3 


4.0 


2.28 


142.1 


4317.9 


CO 

• 


1698 




4 


4.5 


2.53 


150.6 


4379.4 








5 


5.0 


2.78 


159.2 


4400.8 








6 


6.0 


3.44 


174.1 


4265.9 








1 


3.25 


1.95 


128.0 


4358.0 








2 


3.75 


2.20 


137.3 


4467.3 






22 


3 


4.25 


2.45 


145.4 


4546.4 


4564.9 


17,95 




4 


4.75 


2.70 


154.7 


4614.7 








5 


5.25 


2.95 


162.9 


4672.9 








6 


5.75 


3,20 


170.4 


4730.4 








1 


3.25 


2.05 


128.0 


4158.0 








2 


3.75 


2.30 


137.3 


4277.3 






23 


3 


4.25 


2.55 


146.4 


4386.4 


4297.9 


16.92 




4 


4.75 


2.88 


154.7 


4344.7 








5 


5.25 


3.21 


170.4 


4322.9 








1 


3.0 


1.70 


122.6 


4595.0 








2 


3.5 


1.95 


132.8 


4691.8 






24 


3 


4.0 


2.20 


142.1 


4760.3 


4777.1 


17.38 




4 


4.5 


2.45 


150.6 


4815.9 








5 


5.0 


2.70 


159.2 


4862.9 








6 


6.0 


3.20 


174.1 


4936.6 








1 


10.0 


2.95 


223.3 


8386.9 








2 


12.0 


3.61 


244.5 


8198.7 


8152.7 


16.83 


26 


3 


14.0 


4.27 


264.1 


8063.8 








4 


16.0 


4.93 


282.3 


7961.3 








1 


9.0 


2.53 


211.7 


8823.9 






27 


2 


11.0 


3.19 


233.3 


8525.3 


8456.8 


18.07 




3 


13.0 


3.85 


254.5 


8322.1 








4 


16.0 


4.84 


282.3 


8155.7 
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TABLE A1 (continued ) 



Test n 

No o in msec 



2shn 



V 



o 



cm/sec cm/sec cm/sec 10^‘dyne sec/g 



29 



1 10.0 
2 12.0 

3 14.0 

4 15.0 



10.37 

12.37 
14.54 
15.78 



223.3 
244.5 
264.1 

282.3 



2487.5 

2436.2 2395.4 

2362.2 

2295.5 



14.36 



Fi.nal average specific impulse " ^7.69 10^^ dyne sec/g 

= 0,3977 lb sec/g 






RSi'lARKS CODS for TABLE A.l 



* in coivnmi 1 indicatef; that resulting specific impulse 
for the test is inculded in calculation of final avera 
specific impulse 

1 specimen held by masking tape before detonation 

?, rotation about x-axis (0x) is approximate 

3 explosive only partially detonated “ no results 

4 photographs obscured by smoke “ no results 

5 specimen rested on paper strips before detonation 

6 photographs not taken of event - no results 

7 rotation slight but negligible 

specimen acce3.erated at large angle from vertical -- 
no results 



8 



^ CN Ln 4^ CO N> J— • 



TABLE A2 



DATA FOR FIGURE 10- TOTAL IMPULSE VS. EXPLOSIVE VJSIGHT 



Point KOc Test KOc ^ 

g /o*‘dyne sec 



8 


1.5 


26.82 


20 


2.51 


43.87 


U 


2.64 


47.39 


19 


2.72 


46 , 4 3 


18 


3.4 


60.83 


27 


5.00 


90.35 


26 


5.22 


87.86 
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TABLE A3 



SUMMARY OF CALIBRATION DATA USED 
IN FINAL SPECIFIC IMPULSE 



Test 

No. 


Di sk 

Direction 


/ 

lO'^*'' dyne sec/g 


8 


Up 


l7o88 


10 


Up 


17c93 


11 


Up 


17.95 


14 


Dovm 


17.84 


15 


Dov7n 


17.91 


16 


Dovrn 


17.96 


19 


Dovm 


17.07 


20 


Dov?n 


17.48 


22 


Up 


17.95 


23 


Up 


16.92 



Average specific impulse = 17.69 x dyne sec/g 

= 0,3977 lb sec/g 
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APPENDIX B 



THE EFFECT OF AIR DRi\G OK IblPULSE CALI Bli/..XION 

The reduction due to ai.r drag of the specific impulse 
imparted by sheet explosive to a flat circular dish specimexi 
is calculated e From reference (19), the formula for drag 
force is: 




2 



V/liere 



D = drag force 
C (3 “ drag coefficient 
/> ~ density of air at 75°F 
A. ~ area of disk normal to air flow 



Also 



O 

For a circular disk normal to flow, and P.eynolds No, (Px.e) > 10 
Cd 1J.2 (ref, 19.) 

Also /> " 2.22 X 10“^ lb sec^/ft^’^ 

- 180 X 10"^ ft^/sec 



Sample Calculation fo r Test No, 9 






= 45,6 cm^- 
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thereforG 



Nov7 



5093,4(3 ) (2 

180 X 10"*^(144)(2,54)^' 
= 2.32 X 10-^ 

> 10^ 

Cd ^ 1J.2 

D = p A 
r "2” 



= 1 . 12 ( 2,22 X 10“2 slug/fl;^)(1.459 x 10 
g/slug) X X il09(K^/' 

T30.TS7 cm^ 2 

cm’ X 4j.6cm _ 7,53 x 10 ^ g cm/sec^ 
sec'^ ^ 

For six inchec travel 



KE " D X 6in X 2e54cni/in 
= 7,58 X 10^ X 6 X 2.54 
= 115.57 g cm^/sec^ 

If this KE is assumed to be trarxslational, 
1/2 Vq 2 115^57 g cniVsec’* 



ILUP^AU 

Vo = 105.55 

= 1.48 cm/sec 



The increase in specific impulse, if no air drag, is 

lQ(5.ncrease ) = ^o 

"“We 



This Increasa is iiGgllgibJ.e V7hen compared to l:ha orgtnally 
calculated 1 q ~ 17c^l5x dyne sec/g in Test NOc 9. 

Thus it is shorai that the effect of air drag on the 
specific impulse is negligible in the range of explosive 
impulse calibrated in this report. 
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APPENDIX G 



THE EFFECT OF SPECIMEN ROTATION ON IMPULSE CALIBRATION 



The total ld.netic energy (KE) of the click in free"- 
flight is the sum of its translational energy and the ener- 
gies of rotation about its Xj y^ and z axes. The equation is 



KE - Hs Vo 2/2 ^yW^ )/2 

In all cases j rotation about the z-axis v/ac neglected 
(co^i^o)^ Due to symmetry, the moments of inertia about x 
and y axes are equal (Ix ~ ly ” I), Thus, above equation 
becomes : 



KS 

Tne disk moment 
I 



- I'ls Vo2/2 

of inertia (I) is derived from 

= 

n=I 



vjhere 



Then 



m = J> dv 

= yo rdodrHs 
k = r sin o 






1 



- 2 f ( p H„r^sin2odrdo 
^ Jo/ .a 

“ 2y0 he J sln^od 

^ yrr >0 



/7T 

/2 I sin^ 

Jo 



oao 



= J> ^ea^^ 

~ P hg£^^!-/4 [^e~sin2o)/2j^ 
= />«ea'^TT 



= g cm^' 



The angular velocity about x-axis or y-axis ( x,y) for the 
initial six inches travel is then calculated by 
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6Jx, y = 0x, 
6 X 



y sec"^- 
" 2 . 5 ^ 



Sample Calculation •• Test No« 9 
Hs = 105.55 g 

= 17.1 X 10^’’ dyne sec/g 
Vq = 5151.6 cm/sec 
a = 1.5 in x 2 , 54 cm/ in 
3.81 cm 

0x = .3 IT radians 
0y = .47T radians 



I = 



-^- S^ 3 - 

4* 



= 105.55(3.81) " 
4 



= 383.04 g cm^ 



Co X" - 



0.3TT (5151.612 

“wa3Tn 



4 



."2 



OJ y^ 



= 10.150 X 10' sec 
==r0c4TT (5151.6^ 

t™HT2T5?r) 

- 17.954 X 10^ sac“2 



KS == HsVo^/ 2 •!- I(o>x2 -fOJy2.)/2 

= 105.55(5151.6)2/2 «!• 383.04(10.150 x lO^*' 
•!' 17.954 X 10^')/2 g cm^/sec^ or ergs 
= 1.424 X 10^ -i- .053825 x 10^ 

~ 1,4778 X 10^ ergs 

If this total K5 vzere translational energy then 
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I 



i 

I 



^ HgVo^ = 1,4778 X 10^ 

= 2(1.4778 X 1o9)/105.55 
Vq = 5291.7 cra/sac 

This is an increase of 140.1 cm/sec over original 
Vq = 5151 e 6 cm/sec 
The corrected specific impulse is 



= 105.55(5192.6) 

3.2 " 

= 17.45 X 10'^’ dyne sec/g 

This is an Increase of 0.45 x lO^’" dyne sec/g over the orig- 
inally calculated ^o = 17.00 x 10^“^ dyne sac/g. 

Thus it is shov;n that the effect of specimen rotation 
on specific impulse of explosive is typically small as a 
percent of the irapulse computed neglecting rotation. Hov;- 
ever, the effect is not negligible and must be considered 
in the final specific impulse. Tests in this report iTnere 
rotation v?as observed V7ere not regarded in the final average 
specific impulse. 
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APPS^DIX 0 



MSCH APi I CAL P ROP ERTI ES 
OP’ SPECIMEN MATERIALS 

Tensile tests on the specimen materials v;ere conducted 
on an Instron testing machine t The average strain-rate used 
in the tests v;as 0.02 in/in/inino 

For the materials used in the 90-dagrae specimens, the 
values used are averages of the results obtained from spec- 
imens cut vrith and across the grain. The 180~degrea tensile 
specinrins v;ere cut from the original cylinders in the axial 
direction. 

The important values determined for this study are 
yield stress {(To ) ultimate tensile stress ( CL ) and percent 
elongation (%c). 

The yield stress found here is the 0.27o offset yield 
strength. This means that if the specimen is loaded to the 
yield stress, then unloaded, the length v?ill be 0.2% greater 
than the original gage length. The gage length v.’as 1-inch 
in all tensile tests. 

The ultimate tensile stress is the maximum stress that 
can be sustained by the material, the highest va3.ue on the 
stress-strain curve. Typical stress-strain curves are shov/n 
in i’igure 12 c 

Percent elongation is the ratio of increase in gage 
length to original gage length at the point of fracture. It 
is used to compare the ductility of the materials. 
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The resulting properties obtained from the tensile 
tests on aluminum 6061-T6 and mild steel specimens are pre- 
sented in Tables Dl and D2, The higher values of (To rep- 
resent the specimens cut v;ith the grain of the material. 

The percentage difference between of specimens cut v?ith 
the grain and across the grain ranges from 7-JTU for alu- 
minum 6061-T6 of 0.125-inch thickness to 7.387o for mild 
steel of 0.076-inch thickness. 



- 92 - 



TABLE 01 



MECHANI CAL PROP ERTI SS 


OF ALUMINUM 


6 061 -To 




Cylinder 


Nominal 


or 


dk 


% e 


Size 


Thickness 








deg 


in 


psi 


psi 


7o 


180 


.117 


36,000 


42,000 


12.3 


180 


.1525 


38,600 


44,100 


15.1 


90 


.1250 


40,800 


45,100 


17.0 


90 


.1250 


41,900 


45,200 


17.0 


90 


.080 


38,000 


43,300 


16.5 


90 


.080 


40,700 


45,100 


16.8 



TABLE 02 

MSCHAKICAL PROPERTIES OF MILD STEEL 

Cylinder Nominal (Tc 

Size Thickness 

cleg in psi 



180 


.160 


51,700 


57,000 


18.0 


90 


.120 


36,100 


51,600 


35.0 


90 


.120 


37,700 


54,100 


29.0 


90 


.076 


33,900 


49,500 


28.0 


90 


.076 


36,600 


52,000 


30.0 



or. % e 

psi 7o 
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